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Many years ago, invertebrate circuits 
were often called ‘simple”. Today 
we know that small circuits are 
quite complex and show dynamics 
that reveal many fundamental 
principles of circuit function. These 
principles provide a library of circuit 
mechanisms that are almost certainly 
used in all large brains. Indeed, 
any mechanism found first in small 
nervous systems (for example, 
bursting neurons, widespread 
neuromodulation, electrical coupling) 
eventually has been revealed in larger 
brains. To me, the essential question 
is how special features arise in large 
networks precisely because of their 
size, despite the fact that many 
explanations of how large circuits 
work resort to describing them as if 
they were small circuits.
William Kristan
University of California, 
San Diego, USA
The brains of many animals differ 
in their details: ionic channels, 
neurotransmitters, neuronal 
interconnections vary, even 
between rats and mice. General 
functional principles, however, are 
overwhelmingly similar: central 
pattern generators, lateral inhibition, 
gain control, balanced excitation 
and inhibition; the list of generalities 
across phyla is both extensive and 
will expand as more circuits are 
investigated. Finding the mechanisms 
underlying these principles is more 
tractable — and more convincing — 
using a nervous system that is simple 
enough to be able to both record the 
activity of many of its neurons during 
behavior and modify that behavior by 
stimulating single neurons. Yes, I want 
to know how human brain circuits 
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Vertebrate and invertebrate brains 
show obvious differences in design 
principles, implying that some brain 
functions are not equivalent. However, 
many computational problems need 
to be solved by all brains. In these 
cases, insights obtained in one species 
will be instructive to understand 
brain functions in other species, even 
if these species evolved different 
strategies to perform a computation. 
Animal models may thus be chosen by 
asking: in what species can I take the 
most direct and quantitative approach 
to address my fundamental question? 
Small genetic model organisms have 
advantages for studying computational 
functions of neuronal circuits, 
irrespective of whether they are 
invertebrates (such as Drosophila) or 
vertebrates (such as zebrafish). 
Dmitri “Mitya” 
Chklovskii
Janelia Farm Research 
Campus, HHMI, 
Virginia, USA
Because both vertebrates and 
invertebrates often live in the same 
environment and have similar behavior 
objectives, the functional requirements 
on their neural circuits are similar. For 
example, the statistics of natural visual 
scenes are reflected in the properties 
of receptive fields of neurons in the 
early visual systems: spatial receptive 
fields are center-surround and 
temporal receptive fields are biphasic 
as predicted by efficient coding/
predictive coding theories. However, 
similar functional properties may be 
achieved by different mechanisms. 
It would be very interesting to see, 
by combining connectomes with the 
results of genetic, physiological, and 
behavioral experiments, how similar 
these mechanisms actually are. Both 
similarities and differences will inform 
our theoretical understanding of brain 
function.
This feature originally appeared in the June 
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The Cambrian explosion — the 
sudden appearance of representatives 
of most of the major groups of animals 
in the fossil record after the beginning 
of the Cambrian 542 million years 
ago — resulted in a much greater 
diversification of form than at any 
later time in Earth’s history. This event 
established the beginnings of animal 
diversity as we know it. Research 
on the Cambrian explosion used to 
be the purview of paleontologists, 
reliant on the evidence of the rocks. 
The beginning of the Cambrian was 
traditionally defined by the earliest 
appearance of fossil shells, and 
Charles Darwin considered this 
apparently abrupt appearance of 
animals in Earth’s history as a serious 
problem for his theory of evolution — 
where was the evidence in older rocks 
of the ancestral forms from which they 
evolved? A rich fossil record of earlier 
life, including the enigmatic creatures 
of the Ediacaran fauna, has been 
discovered since then, but only now 
are answers emerging to questions 
of why and how animal life exploded 
during the Cambrian.
The Cambrian explosion is revealed 
by plots of fossil diversity through 
time — the numbers of different 
shelled taxa recorded in successive 
stratigraphic intervals — a graph 
associated mainly with years of 
research in the library by the late Jack 
Sepkoski of the University of Chicago. 
The steep increase of diversity — 
nearly 20 phyla and over 90 classes 
of animals appeared during the 25 
million years after the beginning of 
the Cambrian — was given added 
substance by the discovery of 
exceptionally preserved fossils. These 
fossil assemblages capture most of 
the diversity of Cambrian animals 
at various points in time and space 
and include soft-bodied animals 




Cambrian creature: the remarkable Opabinia.
One of Walcott’s original Burgess Shale specimens of the stem arthropod Opabinia showing 
the flexible frontal appendage, eyes, trunk with its lateral lobes and tail fan in lateral view, 
alongside the new reconstruction of Opabinia by Quade Paul. (Photograph: with permission 
from Roberts & Company Publishers; reconstruction: ©Quade Paul).The most renowned of these is the 
Burgess Shale, discovered by Charles 
Walcott in the Canadian Rockies 
in the early 20th century. Creatures 
such as Opabinia, Anomalocaris, 
and Hallucigenia from the Burgess 
Shale are the ‘weird wonders’ that 
inspired Wonderful Life, Stephen Jay 
Gould’s best-selling account of the 
Cambrian explosion, and some of 
these remarkable animals are familiar 
enough by now to appear as toys in 
museum stores. Other exceptionally 
preserved Cambrian faunas, each with 
its cast of similar but different soft-
bodied characters, are now known 
from various continents: for example, 
the Chengjiang biota of Yunnan 
Province in China, the fossils from 
Sirius Passet in northern Greenland, 
and those from the Emu Bay Shale of 
Kangaroo Island off the coast of South 
Australia. 
With interest in the history of 
animal biodiversity and its origins 
in the Cambrian explosion at an all 
time high, Douglas Erwin and James 
Valentine’s new book on the Cambrian 
explosion provides a much needed 
synthesis of this critical event in the 
diversification of life on earth. More 
text book than popular science, 
it will serve as reference, source 
book for graduate and advanced 
undergraduate courses, and a 
synthesis of the current standing of 
the field and the major questions 
that remain to be resolved. Erwin, 
Senior Scientist and Curator at the 
Smithsonian’s National Museum of 
Natural History, has responsibility for 
Walcott’s Burgess Shale collection, 
and has researched the origins 
of phyla for over 20 years. He 
coauthored The fossils of the Burgess 
Shale, published by the Smithsonian 
Institution in 1994. Valentine, 
professor emeritus at the University 
of California at Berkeley, treated the 
nature, relationships and evolution 
of the major groups of animals in 
monographic detail in On the Origin 
of Phyla (University of Chicago Press 
2005). Their excellent new book is 
enhanced by attractive design and a 
generous complement of clear stylish 
diagrams and photographs of the 
cast of characters, the fossils that 
precede and populate the Cambrian, 
complemented by a number of new 
color reconstructions by artist Quade 
Paul. These reconstructions are 
striking, although the specialist will 
note the occasional miscue (e.g., the eyes and antennae of Fuxianhuia do 
not originate on the carapace and this 
arthropod has a clearly differentiated 
abdomen). The real novelty of this new 
synthesis of the Cambrian Explosion, 
however, is the discussion of how the 
interplay of evolution, environment 
and ecology might explain the event.
The Cambrian explosion witnessed 
the appearance of the bilaterian 
phyla, the major groups of animals 
from arthropods to echinoderms, 
including the vertebrates; only 
sponges and cnidarians are widely 
regarded as appearing much earlier 
in the fossil record. The concept of 
phyla highlights the radical differences 
between the body plans of different 
major groups of animals and the 
consequent problem of determining 
how they evolved and how they 
are related. Cladistic analyses of 
morphological characters in living 
and fossil taxa have not provided 
an easy solution because each 
phylum is so different from all the 
others. Since the late 1980s DNA 
sequences have provided a new 
way to analyse relationships among 
taxa and catalysed renewed interest 
in phylogenetics among biologists. 
Genetic data provide no panacea 
— genes, like the morphology they 
encode, evolved rapidly, obscuring 
the relationships of clades that split 
more than 500 million years ago; 
however, they offer new evidence 
of relationships between phyla. 
Differences in DNA sequences also 
provide estimates of the timing of 
taxon origins using molecular clock 
methods, a different metric than the 
occurrence of fossils. 
In the 1960s, Harry Whittington 
started reinvestigating the fossils 
of the Burgess Shale based on Walcotts’s material and new 
collections. Since then, our knowledge 
of Cambrian life and its evolution 
has itself exploded: important new 
localities have been discovered, 
the diversity and relationships of 
the animals are better known, new 
methods of radiometric dating 
have refined our understanding of 
the time scale with unprecedented 
accuracy, and investigations of the 
sediments and chemistry of the rock 
sequences are yielding insights into 
the environmental context of the 
Cambrian explosion. Research is 
even beginning to unravel the roles of 
ecological interactions, and of gene 
regulation, which are less accessible 
from the evidence of fossils.
The evolution of ecological 
complexity is perhaps the most 
difficult aspect to analyse based 
on fossil evidence and much 
research is now being devoted to 
this fundamental contributor to the 
Cambrian explosion. In Ediacaran 
times, from 635 million years ago 
to the beginning of the Cambrian, 
the sea floor was dominated by 
microbial mats and most organisms 
are thought to have fed by absorbing 
dissolved organic matter by osmosis, 
the process known as osmotrophy. 
This mode of life is reflected, for 
example, in the large surface area 
of the fronds of stalked life forms 
known as rangeomorphs. With the 
diversification of bilaterian animals 
during the Cambrian, burrowers mixed 
the sediment and the seafloor was 
no longer sealed by microbial mats. 
More significant, perhaps, was the 
rise of predators including the giant 
anomalocaridids, arthropods and 
chaetognaths. As animals increased 
in size and more advanced forms 
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Anomalocaris: the largest Cambrian predator.
A specimen of Anomalocaris collected from the Burgess Shale by the Royal Ontario Museum 
in 1991 with the new reconstruction by Quade Paul, showing the anterior appendages, which 
were used for capturing prey. Anomalocaris, like Opabinia, was a stem arthropod. (Photo-
graph: with permission from Roberts & Company Publishers; reconstruction: ©Quade Paul).
Denis Pelli
Denis G. Pelli studied Applied Math 
at Harvard (’75) and then did a PhD in 
Visual Physiology, on “Effects of visual 
noise”, at Cambridge University with 
Fergus Campbell and John Robson 
(’81). He did a postdoc with Gordon 
Legge on the visual requirements of 
reading at the University of Minnesota, 
and then joined the faculty of the 
Institute for Sensory Research at 
Syracuse University. Since 1995, he 
has been Professor of Psychology 
and Neural Science at New York 
University. During the Michaelmas 
terms of 2011 and 2012, he was a 
Visiting Fellow Commoner at Trinity 
College, Cambridge, working with 
Horace Barlow on a psychophysical 
method for counting the cortical 
neurons used in a perceptual task. 
Most of Pelli’s work is psychophysical, 
measuring perceptual thresholds 
to discover how object recognition 
works. He has championed the use 
of masking by visual noise and of 
crowding by clutter. In masking, 
the target becomes invisible, and 
thus unrecognizable, because an 
overlapping mask pattern stimulates 
the same feature detectors as the 
target does; in crowding, the target 
remains visible, but is unrecognizable, 
a jumbled mess, because vision has 
combined neighboring clutter with 
the target object. With students and 
collaborators, he has characterized 
the intrinsic noise of vision and the 
channel for letter identification and 
reading. Pelli and his colleagues 
have found that computational 
efficiency is invariant with viewing 
conditions but inversely proportional 
to complexity. He showed that, to 
escape crowding, the target must be 
separated from clutter by 6 mm in the 
cortical representation. The effects of 
complexity and crowding both suggest 
an early bottleneck in the transmission 
of information for object recognition. 
Pelli is a co-creator of the widely used 
QUEST and Psychtoolbox public-
domain software, and the Pelli–Robson 
Contrast Sensitivity Chart. He and his 
former student Sarah Rosen applied 
for a US patent on using a gaze-
contingent display to reduce crowding 
and increase reading speed. His 
Optical Society of America Leadership 
Q & Aappeared, predator-prey interactions 
resulted in more selection pressure. 
Exceptionally preserved fossil 
occurrences reveal an increase in 
ecological complexity over time. 
Escalation in the number of different 
modes of life includes the exploitation 
of a greater range of levels above 
and below the sediment surface 
(tiering), as well as diversification of 
feeding mechanisms and modes of 
locomotion. This can be illustrated 
as the progressive filling of a three-
dimensional grid with modes of 
tiering, feeding and mobility (attached 
or mobile) on each axis, depicted 
like an exploded multielement 
Rubik’s Cube. Occupancy of 
potential modes of life (blocks in the 
grid) increases dramatically from 
Ediacaran to Cambrian times. Similar 
interpretations of modes of life have 
been used to reconstruct food webs 
(reminiscent of an inverted bird’s 
nest) for the older Chengjiang and 
the younger Burgess Shale faunas. 
These clearly show that ecological 
complexity increased in the Cambrian. 
To a significant degree, it was the 
organisms themselves that drove 
ecological and therefore evolutionary 
change. Where this involves animals 
altering their environment it can be 
described as ecological engineering 
— Erwin and Valentine argue, for 
example, that an increase in burrowing 
organisms resulted in oxygenation of 
sediment and increased productivity, 
and had a strong positive feedback on 
population sizes and even biodiversity. 
Such fundamental ecological 
innovations may explain the explosion 
of morphological diversity in the 
Cambrian.
The fossils provide evidence of 
what happened and when, although small size and low preservation 
potential conceal the earliest evolution 
of major groups. Future research 
on the fossil record will reveal more 
of the environmental setting of the 
explosion and how it was affected by 
ecological engineering. But as Erwin 
and Valentine explain, the final piece 
of the puzzle, the explanation for the 
rapid appearance of such a range of 
different animals, comes from a new 
understanding of genetic controls 
of development. Comparisons of 
such controls in different animal 
groups reveals the sequence in which 
developmental processes evolved 
in metazoans. Such regulatory 
interactions can be visualized as 
complex networks, reminiscent of 
wiring diagrams. The major attributes 
of phyla are determined by the highly 
conserved arrangement in the core 
or kernel of these networks; more 
flexible links around the periphery 
of the network determine the nature 
of species. The Cambrian explosion 
provided the foundation of life in 
the world’s oceans today. Erwin and 
Valentine’s book is the first to explore 
in detail the influence of both genomic 
and ecological agents in driving 
the diversification of major groups 
during the Cambrian explosion. This 
active area of research will refine our 
understanding of why the explosion 
occurred when it did. As the authors 
conclude (p. 342): “there can hardly 
be more of a challenge [...] than to 
describe and interpret the confluence 
of history and process responsible for 
events during that remote and critical 
time in life’s history.”
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